Primary cataracts (CAT) are defined as any of various usually bilaterally occurring eye lens opacities. They may be mild or severe and may or may not impair vision, depending on their size, location, and density. Congenital CAT are present at birth and infantile CAT within the first year. In human, congenital CAT are rare conditions with 1-6 cases among 10 000 births . The disease when inherited as an isolated abnormality is phenotypically and genetically heterogeneous. In human, the most common mode of inheritance is autosomal dominant.
Congenital or infantile CAT may be caused by altered gene products involved in early stages of lens development, in building lens membranes, or may be structural proteins of lens cytosol (Graw 2004; Hejtmancik 2008) . In humans, 39 mapped loci have been identified for isolated congenital or infantile CAT. Within these associated loci, 26 genes could be linked to the disease (Hejtmancik 2008) . Reported mutations causing congenital CAT are located in transcription factor genes like PAX6, HSF4, and PITX3 (Glaser et al. 1994; Semina et al. 1998; Forshew et al. 2005 ). Mutations in membrane protein genes like MIP, LIM2 the gap junction protein genes GJA3 or GJA8, or the gene for beaded filaments BFSP2 also may cause congenital or juvenile CAT in human (Shiels et al. 1998; Mackay et al. 1999; Conley et al. 2000; Francis, Chung, et al. 2000; Arora et al. 2006; Guleria et al. 2007; Lin et al. 2007; Perng et al. 2007; Ponnam et al. 2008) . However, approximately 50% of the observed cases of congenital CAT are caused by mutations in crystalline genes in human (Hejtmancik 2008) . Crystallines are structural proteins and compose up to 95% of the soluble lens proteins. They are subdivided into 3 major classes: alpha, beta, and gamma. Mutations in each of the crystalline genes have been reported causing congenital or juvenile CAT.
In domestic cats and other felines, only isolated cases of congenital CAT have been observed (Peiffer and Gelatt 1975; Seitz and Weisse 1979; Rubin 1986; Schwink 1986 ). Molecular genetic aspects have not yet been described.
The aim of our study was to examine candidate CAT genes as potential cause for congenital or juvenile CAT in Angolan lions or Katanga lion (Panthera leo bleyenberghi ). We used 2 approaches to obtain informative markers: First, we assembled candidate genes from feline trace archive databases. Subsequently, we used heterologuous primer pairs for amplification and sequencing of 4 crystalline genes CRYAA, CRYAB, CRYBB2, and CRYBB on lion DNA. The sequences were analyzed for single nucleotide polymorphisms (SNPs). The release of the assembled cat genome enabled a second approach: searching the cat sequences for microsatellite motifs and developing microsatellite markers flanking CAT candidate genes. Both approaches were employed to develop segregating markers in a family of Angolan lions.
The Angolan lion is an endangered subspecies of the African lion (P. leo). For preservation, a captive breeding program was initiated in German zoos (Steinmetz et al. 2006) . In 2003, one lioness was diagnosed with CAT. Subsequently, all lions intended for the breeding program were ophthalmologically examined. In 5 other lions, CAT was diagnosed. Among these animals, 2 lions younger than one year were CAT affected. Due to the inbreeding among the CAT-affected lions, genetic factors appear likely involved in the development of these CAT. Therefore, candidate genes were evaluated for their potential role in CAT formation of these Angolan lions.
Herein, we present the development of SNP markers for 4 crystalline genes CRYAA, CRYAB, CRYBB2, and CRYBB3 of Angolan lion. For 10 other CAT candidate genes (GJA3, LIM2, CRYGA, CRYGB, CRYGC, CRYGD CRYGS, BFSP2, CRYBA4, and CRYBB1), flanking microsatellites were developed. Segregating SNPs and microsatellite markers were used for linkage analysis.
Material and Methods
Blood samples of 8 CAT unaffected mixed breed cats (Felis catus) and of 6 Angolan lions (lion 10, 11, offspring 13, 14, 15, and 16) belonging to a pedigree (Figure 1) , segregating for CAT, were collected. The domestic cat samples included one Norwegian Forest Cat, one Maine Cone, and 6 samples of domestic cats with unknown breed. The parents of the CATaffected founder animals were feral animals. The lions underwent a complete ophthalmological examination (Steinmetz et al. 2006) , including slit-lamp-biomicroscopy (SL 14; Kowa, Tokyo, Japan), indirect ophthalmoscopy (Omega 200; Heine, Friedrichshafen, Germany) with 30-and 20D-lenses, and photography (Genesis; Kowa, Tokyo, Japan). The examination results of the animals included in this study are shown in Table 1 . As offspring 15 and 16 showed a congenital or juvenile CAT, it is conceivable that the observed CAT in lions 9, 10, 11, and 12 were congenital or juvenile.
Genomic DNA was isolated from frozen ethylenediaminetetraacetic acid-stabilized blood samples using the NucleoSpin 96 Blood DNA Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions.
Genomic cat sequences corresponding to human messenger RNA (mRNA) sequences of Homo sapiens crystalline, alpha A (CRYAA, NM_000394), H. sapiens crystalline, alpha B (CRYAB, BC007008), H. sapiens crystalline, beta B3 (CRYBB3, NM_004076), and H. sapiens crystalline, beta B2 Figure 1 . Pedigree of the Angolan lion family segregating for primary cataracts. Immature, posterior cortical and nuclear cataract Lion 13 1 and 3 months Normal lens Lion 14 1 and 3 months Normal lens Lion 15 1 and 3 months Incipient small opacities in the anterior cortical area Lion 16 1 and 6 months Spots in anterior cortex (both eyes) (CRYBB2, NM_000496) were obtained using cross-species megablast searches in the trace archive database of whole genome shotgun sequences. The cat sequences were processed and assembled to contigs using Sequencher, version 4.7 (GeneCodes, Ann Arbor, MI). Exons of the genes were determined by comparative alignment of the feline genomic contigs versus the human mRNAs using Spidey.
Exons and intron sequences of the lion genes were amplified using heterologous cat-specific polymerase chain reaction (PCR) primer pairs. The putative splice sites of the exons were within the PCR products. The oligonucleotide sequences, annealing temperatures, and PCR product sizes for the amplicons are listed in Supplementary Table 1. PCR was carried out in 30-ll reaction volumes containing 10 ng genomic DNA according to the standard protocol advised by the manufacturer of the Taq DNA polymerase (Qbiogene, Heidelberg, Germany). The subsequent sequencing of the PCR products was performed using the DYEnamic ET Terminator Cycle Sequencing Kit (GE Healthcare, Freiburg, Germany). The products were analyzed on a MegaBACE 1000 capillary sequencer (GE Healthcare).
Feline microsatellites motifs were identified in the assembled cat sequences of Garfield (Pontius and O'Brien 2007) using basic alignment search tool. Primer pairs (Supplementary Table 1) were developed for microsatellites flanking CAT candidate genes. Criteria for markers to be included in this study were a distance of less than 0.75 Mb from the respective candidate gene and more than 15 repeats of a dinucleotide or tetranucleotide motif, respectively. The microsatellites were genotyped in 2 domestic cat control samples and on the 6 lion samples. PCR was carried out in 12-ll reaction volumes. The resulting DNA fragments were separated on an automatic LI-COR 4300 sequencer (LI-COR, Lincoln, NE), and genotypes were determined by visual inspection.
Nonparametric and parametric multipoint linkage analyses using Merlin, version 1.1.2, (Abecasis et al. 2002) were performed for the segregating SNPs and microsatellites. Multipoint linkage was estimated through the proportions of alleles shared identical by descent for affected animals. A nonparametric approach does not require knowledge on the mode of inheritance and genetic parameters, whereas in the case of a parametric analysis inheritance models, allele frequencies, and penetrances have to be provided. The test statistics Zmean and logarithm of the odds (LOD) score were used under the nonparametric analyses to calculate error probabilities for linkage (Whittemore and Halpern 1994; Kong and Cox 1997) . Maximum Zmeans and LOD scores were 11.62 and 1.23 and thus, high enough to achieve chromosome-wide significant linkage results. For the parametric analyses, we employed dominant, incomplete dominant (penetrances from 0.1 to 0.9 for the heterozygous genotype), and recessive models with varying disease allele frequencies from 0.1 to 0.4.
Results and Discussion
Within the 4 sequenced crystalline genes CRYAA, CRYAB, CRYBB2, and CRYBB3, we detected 9 polymorphisms between the lions (Table 2 and Supplementary Figure 1) . These polymorphisms included one indel mutation and 8 bp substitutions of which 2 were transversions (A.C) and 6 were transitions (A.G or C.T). The screening of F. catus sequences for microsatellites resulted in 9 informative and 3 monomorphic markers flanking the genes GJA3, LIM2, CRYGA, CRYGB, CRYGC, CRYGS, BFSP2, CRYBA4, and CRYBB1 (Table 3 ). In the cat genome, 10 of the analyzed microsatellites showed a dinucleotide repeat pattern whereof 8 were informative in the lions. Two microsatellites showed a tetranucleotide repeat motif of which one was segregating in the lions. The 2 monomorphic microsatellites just met the conditions of at least 15 tandem repeats. This seems to confirm the observations made in other species that markers with higher tandem repeat numbers are more informative.
We amplified and sequenced about 1200 bp of CRYAA (FM872399) that spans approximately 3000 bp in the cat. These sequences included 2 of the 3 predicted exons for Table 2 Chromosomal location (feline chromosome) of the feline crystalline genes CRYAA, CRYAB, CRYBB2, and CRYBB3, polymorphisms identified in these genes, accession numbers of sequences with polymorphisms, location of the polymorphisms in the genes, and SNP motifs for cats and Angolan lions CRYAA. Between the lions, 5 polymorphic sequences could be identified, all located in intronic sequences. From the CRYAB gene (FM872400) on feline chromosome D1, about 1000 bp including the first and second exon were analyzed and one SNP was identified (Table 2 ). In the cat genome assembly, CRYBB2 and CRYBB3 have not been assigned to a feline chromosome, but they map adjacently on an unassigned supercontig. In man, CRYBB3 is separated by approximate 15 kb from the closely neighboring CRYBB2.
A 350-bp fragment from CRYBB2 (FM872402) containing exon 2 could be amplified on lion samples. Primer pairs designed to amplify the remaining 4 exons failed on lion DNA. In the CRYBB2 amplicon, one SNP was detected in the lion samples (Table 2) .
From the CRYBB3 gene (FM872401), 4 exons could be amplified on lion DNA and 2 SNPs could be identified.
The assembled cat genome was searched for other CAT candidate and microsatellite motifs flanking these genes. For 10 genes, GJA3, LIM2, CRYGA, CRYGB, CRYGC, CRYGD, CRYGS, BFSP2, CRYBA4, and CRYBB1 distributed on 5 chromosomes A1, C1, C2, D3, and E2 flanking microsatellite markers were developed (Table 3) . Nine of the 12 microsatellites identified were segregating in the lion samples (Table 3 ) and hence useful for linkage analysis. All candidate gene regions were covered by informative markers even if for the candidate genes CRYGS, CRYBB1, and LIM2 not all markers were informative. As the observed size of the analyzed microsatellites was in range of the expected size, we assumed the observed markers could be assigned to our specific loci.
In human, mouse, and dog, the genes CRYBB1, CRYBB2, CRYBB3, and CRYBA4 are members of a gene cluster. This may also be assumed for the orthologous feline crystalline genes. Therefore, the crystalline genes CRYBB2 and CRYBB3 that are not yet localized on the feline genome may be located on cat chromosome D3 under the assumption of the same clustering with CRYBB1 and CRYBA4. The latest cat radiation hybrid map (Davis et al. 2009 ) would support that there has not been a chromosomal rearrangement in the cat in this region which corresponds to the region between 22.31 and 22.31 Mb on dog chromosome 26.
Nonparametric linkage analyses of the microsatellite and SNP markers did not indicate any linkage between any of the identified markers and CAT (Table 4) . LOD scores for microsatellite and SNP markers ranged from À0.01 to 0.08, respectively. The Zmeans were in the range from À0.31 to 0.15. In agreement with the results from the nonparametric analyses, parametric linkage analyses did not support linkage among the markers genotyped and CAT. The maximum LOD score for the candidate gene-associated markers did not exceed values of 0.26 and were at most for all the markers at zero. Therefore, we ruled out these 14 genes as candidates for the CAT formation in this Angolan lion family. But, it remains still to be determined if the observed CAT in the lions are genetically caused or due to nutritional deficiency. It is known that CAT in domestic cats and in captive wildlife felid might develop when feeding cubs milk Table 3 Microsatellite markers for 10 primary cataract candidate genes, their feline chromosomal (feline chromosome) assignment, marker names, their chromosomal position, and observed allele sizes in lions Gene C1 197, 800, 834, 844 ABGFcC1_1 197, 541, 541, 639 GA (20) 159, 167 2 C1 197, 778, 790, 078 ABGFcC1_2 197, 751, 752, 176 CA (20) 347, 349 5 C1 197, 761, 779, 671 ABGFcC1_3 197, 808, 808, 817 GA (20) 198, 200, 202 5 CRYGD C1 197, 770, 773 replacements (Remillard et al. 1993; Steinmetz et al. 2006) . Nonetheless, it is necessary to examine carefully the genetic background as the identification of a genetic cause for the observed CAT might have a large impact on the initiated breeding program. Identification of genes underlying inherited diseases in endangered species captive breeding programs such as Angolan lions can be greatly beneficial. Carriers of diseasecausing alleles can be prevented from further breeding or mated only with noncarrier animals. As inbreeding is common in captive populations, the increase of the number of affected animals is faster than in noninbred populations, particularly when alleles responsible for recessively inherited diseases are present. Emergence of a serious inherited disease in a captive breeding population may damage the conservation goals of the program. In conclusion, we could demonstrate that the 14 candidate genes investigated here were not involved in the CAT observed in these Angolan lions.
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